Abstract-The interest for the energetic optimization of railway systems is constantly increasing due to recent developments concerning Technological Standards and Regulations. A particular attention is usually paid to the coupling between the dynamical behaviour of railway vehicles and the electrical infrastructure, including all the subsystems related to energy distribution and storage. In this research work, the authors propose a newly developed modelling approach for the analysis of the railway vehicle-line system, based on the use of the object-oriented language Simscape that introduces significant advantages with respect to other conventional simulation tools in terms of computational efficiency and modularity. In order to validate the modelling approach, the Italian DC High Speed line, considering a high-speed train with distributed traction power based on the new ETR1000, has been used as a benchmark. The proposed model provides accurate results with a high computational efficiency, proving to be an important tool for the analysis of railway systems. This tool has then be used to perform a preliminary energetic optimization of the considered system)
INTRODUCTION .
Global Warming and the public attention to energetic problems worldwide are producing an increasing interest in the efficiency of transportation systems: in fact, the transportation field is still responsible for a large percentage of the CO2 emissions in Europe and in most of the industrial countries worldwide [1] , [2] . In this scenario, railway is still the most efficient transport method from the energetic and environmental points of view but its competitors are continuously improving their performances and hence the challenge to improve the energetic efficiency has become very important even in this field. Furthermore, the optimization of railways energetic consumptions can bring advantages not only from the environmental point of view but also from the economic one, considering also the possibility to increase the diffusion of High Speed trains. Figure 1 shows an important factor which is strongly pushing towards the energy optimization of railways: the ever growing liberalization process of energy and transportation markets is stimulating all the involved stake holders (i.e. the energy infrastructure, the energy supplier the railway infrastructure and the railway vector) to accurately analyse, through simulations and measurements, the energy fluxes involved in the system and their cost. This complex energetic-economic scenario yields the possibility to differentiate the cost of railway vehicle according to their energetic efficiency. Furthermore, the possibility to acquire energy from different suppliers will allow the optimization of costs based on a number of external factors, e.g. the geographic location of the line. The interoperability and the competitions arising from this liberalized market [3] will further stimulate the need for a strong energy optimization of the railway system, including all the aspects of this transport field, from the traction and braking systems to the entire electric line. Another interesting aspect from the energetic point of view characterizes modern railways: the diffusion of distributed traction systems in fact widens the possibility to recover energy during the braking phase. The braking energy recovery allows to drastically reduce the wear of the pneumatic brakes, with important advantages both in terms of cost of design and maintenance but also in terms of environmental pollution [4] , [5] , [6] ; this recovered energy can be used during the traction phases in different ways depending on the specific railway application. The possibility to implement regenerative braking in a railway system depends primarily on the availability of a stationary or on board storage device. Both types of storage devices have advantages and disadvantages, ranging from costs and encumbrances to the possibility to assure the system autonomy. Tramways and light rail systems present evident advantages from the use of regenerative braking: thus, energy recovery has been implemented in real systems and widely investigated in many research works found in literature that analyse different aspects of railways energy recovery systems [7] [8] [9] [10] [11] [12] [13] . In this research work, the authors investigate the application of regenerative braking in high-speed railways: this railway field presents bigger difficulties in the implementation of energy recovery systems, due to the higher level of energy involved and to the limited number of braking phases. Due to those aspects, an accurate analysis of the entire vehicle-line-storage devices system is mandatory in order to understand which energy recovery strategy could better suit the considered railway system. A complete railway system is quite complex and includes many different elements and physical phenomena. In order to develop a model able to accurately reproduce the global energetic behaviour of this system, at least two fundamental phenomena must be taken into account: the dynamical behaviour of the train and the electrical response of the line. The first one can be analysed with a mechanical model able to reproduce the longitudinal dynamics of the vehicle and the power needed by the vehicle itself to advance. The other phenomenon can be analysed with an electrical model that includes the behaviour of the contact line and its couplings with the previous model; in order then to analyse the influence of energy storage devices, another submodel representing those devices must be included within the line model. The proposed model has been developed using the innovative object orient language Matlab-Simscape. This language allows overcoming the limitations of simulation model developed using only Matlab-Simulink [14] , [15] , like the need to introduce redundant integrated states in order to preserve the modularity of the model. Matlab-Simscape allows the user to describe a component using a physics based approach in terms of balance equations according to the Bond-Graph approach [16] . A Simscape model allows the optimization of the number of integrated states and, thanks to a bidirectional correspondence between the model topology and the physical system, allows creating modular models that can be easily used to simulate a great number of different scenarios. Furthermore, the numerical efficiency of this tool is high, allowing to perform parametric analyses (needed to optimize a system) with limited computational times. The proposed model is composed of two main submodels: the vehicle longitudinal dynamics model and the contact line model, which includes the submodels of the stationary or on board energy storage devices. The dynamical submodels is coupled with the electrical one through the vehicle position and requested power: those quantities allows the calculation of the voltage and current throughout the considered line. In the following Sections, the main features of those sub models will be exposed. The final Section shows then the comparison between the results obtained with the proposed model and a set of experimental results and an analysis of the feasibility of energy storage systems within a high speed line: the numerical results are in good agreement with the experimental data and the computational efficiency of the model allows to easily investigate complex and various operating scenarios.
II. VEHICLE DYNAMICAL MODEL
In the mechanical submodel, a position based velocity profile can be imposed to the vehicle through a nonlinear pilot that controls the application of traction and braking efforts.The efforts applied to the vehicle depends on the train speed and are calculated according to tabulated relationships that depend on the considered train performances. Those traction and braking efforts are exerted on the train through a first order filter in order to correctly take into account the real delay used for the application of traction and braking forces to enhance comfort and avoid extreme mechanical solicitations. Furthermore, those efforts are limited by the value of the wheel-rail adhesion coefficient (see Figure 3 ) according to Equations (2) and (3):
T T mg (2) where the coefficient k m is defined as the ratio between the vertical load on motorized axis and the total weight of the train. The value of the wheel-rail adhesion can be calculated taking into account TSI (acronym of Technical Specifications for Interoperability) limits [3] or according to Muller model:
where 0 is the static friction factor, kmh x is the vehicle speed and K muller is a scaling parameter whose values are between 0.005 and 0.011.
The analysis of the braking phase includes the possibility to choose different braking effort percentage and above all the possibility to choose a specific blending policy between the electrical and the pneumatic braking systems; the braking power of the two braking systems is then calculated as a function of speed, line voltage and electrification standard and braking state (i.e. service or emergency). The model includes two efficiency parameters: an electrical efficiency that depends on current and frequency and a mechanical efficiency that depends on the vehicle speed. The total longitudinal efforts applied to the vehicle and hence the train acceleration can be calculated taking into account the traction and braking efforts and the resistance force due to the slope of the line , to the curves with radius r (d(r)) and to the motion resistances calculated according to the coefficients . Thus, the equation of motion of the vehicle can be expressed as follows: 
From the longitudinal effort and the train speed, it is possible to calculate the mechanical power required by the vehicle to the traction system as follows:
During the braking phase, this power can mechanically dissipated by the pneumatic brakes or converted in electrical power by the traction system; the electrical part can be then dissipated on on-board resistors or used to perform some sort of energy recovery. The latter part can be then transferred to the line or stored on on-board devices. Taking into account also the power consumption of auxiliary systems, the complete power balance can be expressed as follows (see figure 4) :
where W e is the electrical power due to the traction system, Waux is the power consumption due to auxiliary systems, W s is the power stored on on-board devices and W c is the power transferred to the line. The blending strategy (i.e. the management strategy between different braking systems) chosen for this research work is to maximize W e in normal operating conditions. 
III. CONTACT LINE AND SUB STATIONS
The electrical line model is shown in Figure 4 : the electrical substations have been modelled as real voltage generators that can be connected in parallel with the model of a stationary energy storage device. The catenary has been modelled like a variable resistance that depends on the vehicle position; the resistance of the two sections can be calculated as follows:
Where is the equivalent linear resistivity of the contact line and x is the position of the train with respect to the distance l between two adjacent ESSs. The stationary energy storage devices that can be included in the analysis are batteries and supercapacitors; the authors have chosen to represent both kind of systems using the same modelling approach. The proposed energy storage device model is a load connected to the substsation (in parallel) which includes an ideal voltage generator and two resistance, respectively in series and parallel with the generator in order to simulate power loss and transient behaviour. This simplified approach allows simulating the complete system behaviour requiring very few input parameters (which can be quite difficult to be found) and allowing preserving a great computational efficiency. If an on board storage device is included in the analyzed physical system, its submodel can be added to the line, connecting it in correspondence of the pantograph and considering, as inputs for the submodel, the line voltage, the state of charge and the power available from the vehicle braking. The no load voltage of the storage system can be calculated as a function of current and State Of Charge; the S.O.C. can be defined as follows: I . . . (9) where I is the efficiency of the device and Emax is the maximum stored energy. The difference between batteries and supercapacitors lays in the different dependency of the device voltage on the S.O.C.. The Bond-Graph approach followed to develop this model presents great advantages in terms of modularity and computational efficiency with respect to previous modelling approaches based on the use of Simulink; furthermore, the proposed model is more suitable for the use on a RTOS target.
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IV. MODEL VALIDATIO AND RERSULTS
The proposed model has been validated through a set of experimental data concerning a traction manoeuvre carried out by the ETR1000 high speed train on the Firenze-Roma line, from standstill to a speed equal to 250 km/h applying the maximum traction effort allowed by the train performances.
A comparison between the experimental velocity profile and that calculated with the proposed model is reported in Figure 5 : the two velocity profiles are quite similar, highlighting how the parameters used for the model (e.g. train performances and inertia) are correct. The biggest errors on the numerical velocity profile can be detected below 110 km/h, where the measured performances are higher. This could be due to the real adhesion conditions and to axles skidding phenomena: in fact, during the experimental tests, some skidding phenomena were detected between 80 and 120 km/h. The difference between the two velocity profiles is the due to the lower continuous guaranteed performance considered in the proposed model: a more accurate modelling of adhesion and skidding phenomena could then allow to further improving the accuracy of the proposed model. Figure 6 and Figure 7 show further comparisons related to the same traction manoeuvre: Figure 6 shows the experimental and numerical power consumption while Figure 7 shows the correspondent voltage in correspondence of the train pantograph. The results concerning the power consumption starts with an initial phase in which the train is stopped and the power requested to the line is due to on board auxiliary systems (e.g. lights and air conditioning). The numerical and experimental results are quite near, with the only exception of the phase where the axle skidding phenomenon occurs. Analogous considerations are valid for Figure 7 ; the voltage results allows highlighting how the voltage decreases during the traction phase while the train is leaving the first substation. There is then a voltage peak in correspondence of the second substation, where it is possible to verify the value of the substation equivalent impedance used in the proposed model, according to the following equation: 
After the validation of the proposed model, the authors used the developed simulation tool to carry out a series of simulations with the aim of understanding the feasibility of the use of stationary energy storage devices in high speed trains (the use of on board devices has not been considered due to the characteristics of both the high speed system and the storage device). The model has been simulated considering the ETR1000 on the Firenze-Roma "Direttissima" line; the considered manoeuvre includes a first acceleration with the maximum traction effort from standstill to 70 m/s, a long coasting phase and a final braking. The chosen blending strategy is to maximize the electrical power and the maximum braking power is about 5 MW. Figure 9 and Figure 10 show the main results of this set of simulations, all performed considering a braking phase that begins in correspondence of the midspan of two adjacent substations. The results shown in those Figures are reported as functions of the braking request, i.e. considering different percentages of the maximum braking effort. The variation of the braking effort has an important influence on the recovered braking energy: Figure 8 shows how the recovered energy has a maximum in correspondence of a 20% braking request, when it is possible to perform an electrical braking without the need to add any percentage of pneumatic braking (i.e. with higher requests it is hard to avoid the use of pneumatic braking). However, a 20% braking request implies huge braking distance and time (see Figure 9 and Figure 10 ), hence it could be better to choose, as a favourable operating condition for energy recovery, a braking request of about 50 %, where the recovered energy is still appreciable but the braking distance and time are acceptable. This first analysis does not consider any limitations on the braking voltage; hence, the energy dissipated on on-board resistors is constantly 0%. Figure 11 shows the influence of the braking position on the braking voltage peak: while the voltage peak is almost constant beyond a 20% braking request, the distance from the substations at the beginning of the manoeuvre has a bigger importance. In fact, if the braking phase begins near a substation, the braking voltage peak is significantly lower.
This analysis has been repeated considering a voltage limitations: in fact, real trains often uses limitation devices that disconnect the braking energy feeding to the line if the voltage exceeds certain values. In those cases, the surplus electrical braking energy is dissipated on on-board resistors. The voltage limit considered in this analysis is 3900 V: Figure 12 and Figure 13 show the results obtained in this refined analysis. The energy fluxes reported in Figure 12 are essentially the same as in Figure 8 ; however, a small energy percentage is now dissipated on on-board resistors. Figure 13 shows then how the voltage peak map is now almost completely saturated to the limit value (even if the values reported in Figure 11 were not significantly higher): the voltage is below the limit only in close proximity of the substations. Finally, the proposed model is characterized by a high computational efficiency: the simulation of the complete line (about 250 km) requires 5 seconds of simulation time.. 
V. CONCLUSIONS AND FUTURE DEVELOPMENTS
The growing interest towards environment and pollution represent a significant boost for the transportation sector in order to reach higher energetic efficiency. For the railway sector, one important way to achieve these results is the recovery of the vehicle energy dissipated during the braking phases, typically using energy storage devices. In this research work, the authors propose an innovative-coupled model for the analysis of the interactions between the train dynamical behaviour and the electrical behaviour of line, substations and storage devices. The model, developed using the innovative object oriented Simscape language, has been validated considering a set of experimental data referred to the highspeed train ETR1000. It has then been used for the feasibility analysis of energy storage devices within a high-speed line: the simulations performed with the proposed model have highlighted that stationary storage devices could allow significant savings even in a high-speed system, where energy storage solutions have typically been discarded. The research work will continue with a further validation of the proposed model and with the development of a more complex energy storage device model, in order to get a better insight on the energy recovery possibilities for high-speed trains.
